Recently, an effort has been made for the utilization of the fiber extracted from Gelidium amansii, to the making of high quality pulp & paper.
5 Therefore, the agar will be an inevitable byproduct during the process of manufacturing red algae-based paper in future. In general, lignocellulosic bioethanol process involves a pretreatment step for delignification to remove lignin contents, which results in somewhat complicated and cost-provoking unit process. In contrast, the pretreatment step for obtaining agar from red seaweed is very simple. The agar and fiber residue can be separated from the original substrate, Gelidium amansii with boiling water. Utilization of marine biomass strategy therefore reduces the number of required unit process dramatically, leading to cutting down the production cost significantly.
Room temperature ionic liquids have been widely applied for task-specific purposes, especially their economical and promising role as active catalysts in organic synthesis. 6 Despite many efforts that have been devoted to ionic liquids-derived chemical processes, there have been no studies on their catalytic bioconversion process using red seaweed galactan (agar) as a substrate to produce fermentable sugars. In case of agar, the 5-hydroxymethylfurfural (5-HMF) is mainly generated from the degradation of 3,6-anhydrogalactose (AG) due to its acid-labile character. 7 Using a strong inorganic acid such as H2SO4 in the saccharification step accelerates the formation of 5-HMF, resulting in pivotal hamper in terms of ethanol fermentation efficacy. Incorporation of ionic liquids with conventional inorganic acid systems may enable to reduce acidity from moderate to weak depending on their type of cation, shedding light on minimizing the generation of 5-HMF.
In this context, various bisulfate-containing acidic ionic liquids as hydrolytic catalysts for the saccharification of agar extracted from Gelidium amansii have been investigated and compared with conventional sulfuric acid system from the viewpoint of sugar yields and 5-HMF formation.
Determination of chemical composition is of great importance since the yields of sugars are calculated based on the compositional analytical data. Normally, acid hydrolysis is a common procedure for determining lignocellulosic biomass, which consists of two-steps: First, hydrolysis with 72% (w/v) H2SO4 at 30 o C for 2 h, followed by the dilution into 4% of the reaction mixture and then second hydrolysis at 121 o C for 1 h. The same methodology was applied to the analysis of Glu and Gal, but 1% (w/v) H 2 SO 4 was employed for AG at the first hydrolytic step due to its easy degradation mode. The agar ex- tracted from Gelidium amansii is generally classified with red seaweed galactan which is composed of repeating agarobiose unit of alternating 1,3-linked-D-galactose and 1,4-linked 3,6-anhydrous-L-galactose residues. 6 Once the agar is hydrolyzed, D-galactose (Gal) and 3,6-anhydrogalactose (AG) are released (Scheme 1). Based on the theoretical structure of repeating agarobiose unit of galactan, equal molar amounts of Gal and AG are expected, but experimental composition ratio of Gal to AG ranges from 0.9 to 1.2 depending on the species. [7] [8] [9] The result of the sugar compositional analysis for Gelidium amansii, agar, and fiber is summarized in Table 1 . The total sugar content of Gelidium amansii is found to be 75.2% with AG being the dominant monosaccharide in the cell wall polysaccharide fraction. The total amount of sugar in agar and fiber are 91.5% and 93.2%, respectively. From these analytical results, the theoretical maximum concentration of Gal and AG were found to be 19 and 26 g/L at the S/L (solid/liquid) ratio of 5% and 38 and 51 g/L at 10% of S/L, respectively.
The effect of various sulfuric acid concentrations on the product distribution is evaluated at the S/L ratio of 5% at 121 o C for 15 min in autoclave. The results in Figure 1 show that the concentration of Gal increases very slowly with increasing amount of sulfuric acid up to 6.1 mmol, giving 18.6 g/L (98% yield), whereas the AG concentration decreases sharply due to its easy conversion into 5-HMF, resulting in concentration around 7.5 g/L at 4.1 mmol of sulfuric acid. According to a preliminary study, the 5-HMF concentration above 5 g/L plays a crucial role in inhibiting fermentation process when using red seaweed hydrolysates.
10 Therefore a different strategy has been undertaken to reduce the formation of 5-HMF. Due to the aforementioned acid-labile character of AG, an acidic ionic liquid was tested, which may provide a milder condition than sulfuric acid and to study what differences this acidic ionic liquid may impart on product distribution such as Gal, AG, and 5-HMF formation. The same hydrolysis was performed in the presence To test other ionic liquids in order to find out a more effective hydrolytic system, a series of bisulfate ionic liquids (Scheme 2) were synthesized according to a literature method. 11 These were then applied for the catalytic agar saccharification at the S/L ratio of 10% at 121 o C for 15 min in autoclave and their performance was compared with H2SO4 hydrolytic result. The molar amount of all the catalysts was set to 3.0 mmol and the results are shown in Table 2 . As already seen in Figure 1 , H2SO4 delivered 7.5 g/L of 5-HMF which is sufficiently high to the degree of hampering the fermentation. The ring structure in cationic part, imidazolium-and morpholium-based bisulfate ionic liquids (Table 2 , entries 2-4) afford relatively low Gal and AG concentration with negligible amount of 5-HMF in less than 1 g/L. Interestingly, non ring structural ammonium-, phosphonium-, and choline-based ionic liquids ( Table 2, entries 5-7) show fairly high Gal and AG yields with a very small amount of 5-HMF formation in less than 2 g/L at the same amount of catalyst loading. Among them, the [Chol] [HSO4] ionic liquid synthesized from the reaction of sulfuric acid and commercially available choline chloride provides the best result that shows very high Gal as well as AG yields at the same catalyst loading.
From these results, the activity of ionic liquids influencing Gal and AG yields are classified into, high and low depending upon the cation type of ionic liquids used. The reason for the suppression of 5-HMF generation as well as the well-balanced sugar distribution without the degradation of AG to form 5-HMF using these ionic liquids cannot be fully explained at the moment, but it is likely that the type of cation of ionic liquids plays a significant role in regulating or, at least, reducing brønsted acidity of bisulfate anion ([HSO4] -). This is partially supported by simple measurement of pH value using the same molar amount of several ionic liquid catalysts, which may help to derive some clues from the acidity-reactivity correlations.
To correlate the findings, a separate hydrolysis reaction was carried out in the presence of three types of representative catalysts (H2SO4, ionic liquid which shows a lower brønsted acidity than H 2 SO 4 in terms of pH, shows very high Gal yield with reduced 5-HMF formation. It demonstrates that [Chol] [HSO4] has an acidity enough to depolymerize galactan to afford high yields of Gal and to prevent AG from degradation to 5-HMF. The AG yields were found to be more than 95% in the presence of [Chol] [HSO 4 ] (data not shown in Figure 3 ). Further investigation on the effect of different type of cation (ring structure vs. non-ring structure) on the acidity-reactivity relationship is under progress.
To summarize, various factors affecting yields of Gal, AG, and 5-HMF formation during saccharification were investigated using agar as a substrate in the presence of several bisulfatebased acidic ionic liquids as catalysts. The result was compared with employing sulfuric acid from the viewpoint of sugar yields and 5-HMF formation. 4 ] ionic liquid was found to exhibit the highest yield of sugars with an acceptable concentration of 5-HMF that does not inhibit the fermentation process.
Experimental Section
Hydrolytic Reaction. The representative agar saccharification reaction is as follows: A mixture of 10 g of extracted agar from Gelidium amansii and a 100 mL of aqueous solution containing acidic ionic liquids were charged in an autoclave. The hydrolytic reaction was carried out at a temperature of 121 o C for 15 min. Then, the pH of the hydrolysates was adjusted to 5.5 by adding CaCO 3 . After this pre-treatment, the liquid was separated by centrifugation and analyzed for sugar concentration.
Synthesis of Choline bisulfate ([Chol][HSO4])
. 12 The representative synthesis of Choline bisulfate is as follows: Choline chloride (50 g) was charged into a 500 mL round-bottom flask and a stoichiometric amount of dilute sulfuric acid (50%, 35.93 mL) was added drop wise very slowly and then the mixture was stirred for 24 h at room temperature. The resulting solid was washed repeatedly with ethyl acetate to remove non-ionic residues followed by drying in vacuum to give a white solid. The resulting ionic liquid was further purified by recrystallization with methylene chloride. 
